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BONE MORPHOGENETIC PROTEINS (BMPs), members of the TGF-␤ superfamily, transduce signals by binding to heteromeric type I and type II receptor complexes (23, 28) . Among three type I receptors for BMPs, type IA receptor (BMPRIA, also known as ALK3) is highly expressed in the developing heart (7) . Bmpr1a knockout mice die by embryonic day (E) 8.5 exhibiting failure in mesoderm formation (30) . Mutations in genes encoding their ligands, Bmp2 or Bmp4, also cause early embryonic lethality (52, 55) . Myocardial-or endocardial-specific disruptions of Bmpr1a result in defects of the endocardial cushions of the atrioventricular canal (AVC; Refs. 10, 33, 46) or malformation of the atrioventricular valves (11) . Conditional disruption of Bmp2 or Bmp4 in the myocardium (19, 26) further suggests a role for BMP2 and BMP4 in regulating endocardial epithelialto-mesenchymal transformation (EMT) in the AVC. BMP signaling also plays an essential role in cardiac outflow tract (OFT) development. This is mediated primarily by the cardiac neural crest cells (cNCC), a subpopulation of NCC derived from the postotic hindbrain neural fold (22) . Fate mapping analyses show that cNCC contribute to the aorticopulmonary septum (OFT septum), atrioventricular valves, semilunar valves, and conduction system in the mouse heart (2, 18, 32, 38, 40, 48, 53) . Ablation experiments have demonstrated that cNCC are indispensable for OFT septation (14, 41, 54) . Although cNCC are found in the semilunar valves of the pulmonary artery and the aorta, the precise function of cNCC in semilunar valve development is unknown.
A recent study (48) showed Wnt1-Cre deletion of Bmpr1a in cNCC resulted in embryonic death by E12.5 due to heart failure. This was associated with thinned myocardial wall and reduced myocardial cell proliferation. It was postulated that BMP signaling mediated by a small population of cNCC in the epicardium was required to support myocardial cell proliferation, with heart failure thought to be elicited by reduced blood flow caused by poor cardiac contractile function associated with ventricular hypoplasia (48) . However, given that only a very small number of presumptive cNCC were found in the epicardium and cardiac contractility was not analyzed in these mutants, the role of cNCC-mediated BMP signaling in cardiac development and function remained uncertain. It is significant to note that development of the OFT endocardial cushions is well described to be regulated by the level of BMP (1, 4, 6) . Thus a plausible alternative or additional hypothesis is that cNCC expression of BMPRIA is required for OFT cushion development. In the context of this hypothesis, cNCC-targeted deletion of BMPRIA may cause cushion defects such that the cushions may fail to provide the critical valvular function required to sustain normal hemodynamic function. Such "semilunar valvular" insufficiency could secondarily cause the thinning of the myocardium observed in the Wnt1-Cre-deleted Bmpr1a mutant.
To investigate this possibility, we used a P0 promoter-driven Cre mouse line (53) to delete Bmpr1a in NCC (31) (P0-Cre ϩ ,Bmpr1a fx/Ϫ , hereafter referred to as "P0 mutants") and using noninvasive ultrasound biomicroscopy (UBM)-Doppler imaging, we assessed hemodynamic function in the developing embryos between E11.5 and E12.5 (39) . In parallel, histological analyses were carried out to establish structure-function correlations. P0-mutant embryos showed similar phenotypes to those previously described for embryos with Wnt1-Cre deletion of Bmpr1a (48) . We found no evidence of a functional deficit in myocardial contractility, since quantitative Doppler assessments showed that contractile indices were normal in the P0 mutants. Rather, our in vivo UBM imaging showed acute heart failure arose from cardiac insufficiency caused by reverse diastolic arterial flow. This was associated with hypoplasia of the OFT cushions, consistent with the known requirement for BMP signaling mediated by cNCC in development of the OFT cushions. Our findings provide direct physiological evidence that the OFT cushions serve a valve-like function in the embryonic heart that is essential for the maintenance of unidirectional blood flow and embryo survival, even at such early developmental stages. Our findings show the elaboration of this valve-like function by the OFT cushions requires cNCC expression of BMPRIA.
MATERIALS AND METHODS

Mice
Mouse strains and genotyping were described previously (31, 53) . ROSA26 reporter line (47) was used for detection of Cre activity. Mice were maintained in a mixed 129SvEv and C57BL6/J genetic background. Male mice heterozygous for Bmpr1a knockout allele carrying a P0-Cre transgene were bred with female mice homozygous for the floxed allele of Bmpr1a. Twenty-five percent of the resulting pups will be Bmpr1a deficient in a neural crest-specific manner. All mouse experiments were performed in accordance with National Institutes of Environmental Health Science, National Institutes of Health, guidelines covering the humane care and use of animals in research.
Histological Analysis
␤-Galactosidase expression in embryos was detected using X-gal as previously described (24) . For histological analysis, embryos were fixed in 4% paraformaldehyde in PBS, paraffin embedded, sectioned, and stained with hematoxylin-eosin or eosin alone for X-gal-stained samples. Immunostaining was performed using antibodies: platelet endothelial cell adhesion molecule (PECAM; MEC 13.3 clone, BD Pharmingen, 1:10 dilution), ␣-smooth muscle actin (clone 1A4; Sigma; 1:50 dilution), phosphohistone H3 (PHH3; Ser10; Cell Signaling; 1:1,000 dilution), and bromodeoxyuridine (Invitrogen; 1:20 dilution) as primary antibodies. Subsequently, species-matched horseradish peroxidase-conjugated secondary antibodies (Jackson; 1:50) were used for PECAM and smooth muscle actin (SMA) followed by the DAB (Sigma) color detection with (dark blue) or without NiCl (brown). Cy3 anti-rabbit IgG (Molecular Probes; 1:500) for PHH3 and Alexa 488 anti-mouse IgG1 (Molecular Probes; 1:500) for bromodeoxyuridine detection in terminal deoxynucleotidyl transferase dUTPmediated nick-end labeling (TUNEL) assays for apoptotic cells. Imaging was carried out by confocal microscopy (Leica; TCS SP5). To measure PHH3-and TUNEL-positive cells in the OFT cushions, after the immunofluorescence staining was imaged, the same sections were stained with hematoxylin-eosin and rephotographed, and PHH3-and TUNEL-positive cells in the OFT cushions were counted in the merged immunofluorescence and hematoxylin-eosin-stained images of the same slices using Openlab (Improvision, Waltham, MA). At least 7-12 sections from each of the three control and mutant embryos were counted for PHH3 and TUNEL staining.
Electron Microscopy
Embryos were collected and fixed in 2% formaldehyde and 2.5% glutaraldehyde in PBS, pH 7.4, overnight at 4°C. The samples were postfixed for 1 h in potassium ferrocyanide-reduced osmium (45) , dehydrated through a graded series of ethanol, and embedded in PolyBed 812 epoxy resin (Polysciences, Warrington, PA). Ultrathin sections were stained with 4% aqueous uranyl acetate followed by Reynolds' lead citrate (43) . The sections were imaged using a LEO EM-910 transmission electron microscope (LEO Electron Microscopy, Thornwood, NY) operated at 80 kV, and micrographs were taken using a Gatan Orius SC 1000 CCD Camera (Gatan, Pleasanton, CA).
UBM-Doppler Imaging
All animals used in this study were maintained according to protocols approved by the Institutional Animal Care and Use Committee of the National Institutes of Environmental Health Sciences. Timed pregnant mice were studied at E11.5 and E12.5. Induction was carried out using 2-3% isoflurane, after which 0.7-1.0% was used for maintenance. The abdomen was depilated using a commercial depilatory cream while the mouse lay on a warming pad under heating lamps. The mouse was then transferred to the electrically heated imaging platform of the Vevo 660 UBM-Doppler system (VisualSonics, Toronto, Canada). The body temperature was monitored with a rectal probe and was maintained at 37 Ϯ 1°C via the heated platform and warm air convection from a hair dryer.
Noninvasive UBM-Doppler imaging. We utilized a Vevo 660 UBM-Doppler system, with a handheld 40-MHz center frequency RMV transducer, which permits high-resolution imaging of in utero mouse embryos for acquisition of physiological data (37, 39) . We utilized a noninvasive imaging protocol that allows genotype-phenotype correlation, while permitting the embryos to remain in utero and in vivo, as well as permitting serial imaging over two consecutive days (16) . Briefly, warmed acoustic coupling gel was applied to the depilated abdomen. The bladder, in the low midline abdomen, was used as a starting point, and embryos in each uterine horn were then imaged successively in a craniolateral direction. A UBM "map" was established for the entire litter, typically requiring 5-10 min; litters of up to 10 embryos were successfully imaged, and 118/120 (98.3%) living or recently dead embryos were accurately localized, similar to our 100% success rate reported elsewhere (16) . After the litter was mapped, each embryo was then imaged for physiological parameters (see below). Scan times were typically 60 -90 min. After being imaged, most mice were killed. For serial imaging in a subset of litters, the pregnant mouse was allowed to wake up; no adverse effects of isoflurane anesthesia were noted in these mice.
UBM-Doppler physiological parameters. As previously reported, we obtained Doppler blood flow data from the middorsal aorta (DA), umbilical artery (UA) and vein, and vitelline artery (36 -38) . Placement of the pulsed-Doppler gate into the heart also permitted simultaneous acquisition of inflow-outflow flow data (8, 37) . In most embryos, we also obtained a four-chamber view of the heart from a transverse imaging plane of the thorax (38) ; in the minority that could not be imaged as such due to an unfavorable lie, a two-chamber, biventricular view (similar to the short axis view used in clinical echocardiography) was obtained. To gauge ventricular volume, we used the widest end-diastolic (epicardial to epicardial) dimensions and planimetered ventricular areas as surrogates for volumes, similar to our previous study (38) ; the tiny sizes of embryonic hearts and poor blood-myocardium contrast due to blood echogenicity made true endocardial ventricular measurements impossible. Vessel diameters were not measured, however, because we found that the spatial resolution of the images at these relatively early embryonic stages was worse than in previous studies (38) due to imposed tissue/abdominal wall as a direct result of the noninvasive imaging approach.
Because embryonic orientation with respect to the imaging transducer was highly variable with the noninvasive imaging approach, Doppler data were angle corrected if needed using the Vevo 660's internal capabilities, after attempts were made to align the blood flow as closely (within 20°) as possible with the Doppler beam to minimize the need for angle correction. Mutant data were compared with control data, and the presence of abnormal flow patterns and arrhythmia was determined. Given spatial resolution issues, confounding effects of maternal respiration, and inconsistent orientation, we qualitatively assessed ventricular systolic function from the four-or two-chamber views. Data from injured embryos (e.g., when most of a litter exhibited bradycardia, owing to presumed effects of anesthesia) were omitted from analysis. In addition, those embryos only exhibiting very weak, irregular contractions and poor and/or undetectable blood flow, with unstable hemodynamics (considered "dying") even within an otherwise healthy litter, were also excluded from analyses; these were embryos from whom reliable physiological data could not be obtained. In total, we imaged 115 embryos, 11 of which were dead or dying, and we obtained stable hemodynamic data from 104 embryos ( Table 1) .
Statistical Analysis
All UBM-Doppler measurements were determined offline in triplicate, with the observer (C. K. L. Phoon) blinded to the genotype. In all, data from 104 E11.5 and E12.5 embryos were available for detailed hemodynamics analysis. A two-tailed Student's t-test (for parametric data with equal variances) or a Mann-Whitney U test (for nonparametric data with unequal variances) was used to compare mutant and control groups (SigmaStat v1.0, San Rafael, CA). Statistical significance was set at P Ͻ 0.05, but as in previous studies (38), we did not rely solely on statistical significance but also looked for trends. All data are expressed as means Ϯ SD.
Imaging of Embryonic Heart Structure by Episcopic Fluorescence Image Capture and Computed Tomography Analysis
Episcopic fluorescence image capture (EFIC) was performed as described previously (44) . In brief, embryos embedded in paraffin containing Sudan IV, 3% stearin, and up to 20% vybar were sectioned, and fluorescence images of the block face were captured using a Leica MZ FLIII stereomicroscope and Hamamatsu Orca ER CCD camera. Two-and three-dimensional reconstructions were performed using OpenLab 3.17 and Volocity 3.5.1 software (Improvision, Waltham, MA). For computed tomography (CT), embryos fixed in 10% buffered formalin were subsequently stained with 1% osmium tetroxide. Internal structures were visualized by a semitransparent maximum intensity projection and entire embryos were scanned at 6-m resolution (20) .
RESULTS
Neural Crest-Specific Deletion of Bmpr1a Causes Acute Death at E12.5
NCC-targeted deletion of Bmpr1a using the P0-Cre transgene (P0-Cre
fx/Ϫ ; P0 mutants) showed no overt phenotype until E11.5, and by E12.5 more than one-half of P0 mutants died from congestive heart failure. This was indicated by severe blood pooling in and near the heart, with no blood in the yolk sac vessels (Fig. 1, A and B) . Although P0-mutant embryos comprised more than the expected 25% Mendelian ratio, there are no theoretical reasons for selection against other genotypes; this likely represented a chance occurrence. The survival of some P0-mutant embryos to E12.5-13.5 contrasts with the Wnt1-Cre ϩ /Bmpr1a fx/Ϫ conditional knockout mouse embryos, which exhibited earlier intrauterine death, with all mutant embryos dying by E12.5 or earlier (48) .
To examine whether death of the P0 mutants might be due to vascular defects, we examined the vasculature using PECAM and ␣-SMA immunostaining. NCC contribute SMA expressing smooth muscle cells that ensheath endothelial tubes in the pharyngeal arch (PhA) arteries. PECAM whole mount immunostaining (Fig. 1, C-F) or immunostaining of vibratome sections (not shown) showed no change in P0 mutants. Similarly, there was no change in the distribution of SMA (Fig. 1,  G-J) . Examination by transmission electron microscopy showed no vascular defects. The distribution of pericytes, an essential component of vessel maturation, was comparable between mutants and controls ( Fig. 1, K-N) . These results indicate that acute death is not likely due to defects in vascular development, consistent with the findings of Stottman et al. (48) .
Analysis of cNCC Migration and OFT Septation
Using the ROSA26 marker and X-gal staining, we examined the distribution of NCC in the P0-mutant embryos. NCC distribution in mutant and control embryos was observed to be identical (Fig. 2, A and B) . Histological analyses confirmed the majority of NCC derivatives including those in the peripheral nervous system were properly formed (data not shown). In control embryos, cNCC migrated into the OFT as two streams (Fig. 2, C and E, prongs) . However, in P0-mutant embryos, the distribution of cNCC appeared disorganized, and the OFT was shortened (Fig. 2, D and F, n Ͼ 5). Notably, in P0-mutant myocardial trabeculations were well formed, but the compact myocardium was somewhat thinner, reminiscent of the compact myocardium observed in Wnt1-Cre-deleted Bmrp1a mutant embryos (48; Fig. 2, G and H) . Distribution of cNCC was examined in serial sections of the OFT from the truncus to the conus (from near the PhA to the ventricle) at E11.5 (n ϭ 2 for each). In control embryos, X-gal staining showed cNCC localized in the OFT cushions (Fig. 2, N and O) and in the forming septum (Fig. 2, L and M) . In contrast, in P0-mutant embryos, although cardiac cNCC were present, their distribution was abnormal (Fig. 2, S-V) . The forming outflow cushions appeared hypoplastic, while tissue that delineates the forming outflow septum was absent, indicating an OFT septation defect. Taken A total of 3 embryos out of 20 living mutants at embryonic day (E) 11.5 showed arrhythmia: 2 with arrhythmia and reverse blood flow (10%) and 1 with arrhythmia but with normal blood flow (5%). The 3 living mutant embryos at E12.5 showed normal rhythm.
together, our results indicate that in P0 mutants, cNCC migrated into the heart but are abnormally distributed in the OFT septum and endocardial cushions, and this is associated with a failure in OFT septation. These results are similar to the findings reported for the Wnt1-Cre ϩ /Bmpr1a fx/Ϫ conditional knockout mouse (48) .
Further analysis of the OFT of P0-mutant embryos at E12.5 using EFIC imaging confirmed an outflow septation defect (Fig. 3) . With EFIC imaging, serial sections of the embryo can be digitally resectioned in arbitrary planes (44) , allowing detailed examination and comparison of the forming outflow septum and cushion tissues that comprise the semilunar valve primordia. In control embryos, two distinct outflow channels were observed, with proper pulmonary artery-right ventricle (Fig. 3, C and G) and aorta-left ventricle connections (Fig. 3 , E and I; supplemental data for this article are available online at the Am J Physiol Heart Circ Physiol website; Supplemental Movie 1). However, P0-mutant embryos show only a single outflow channel arising from the right ventricle (Fig. 3, D and H; Supplemental Movie 2), indicating persistent truncus arteriosus.
UBM-Doppler Imaging Analysis Reveals Abnormal Blood Flow in the Mutants
As outflow septation defects such as persistent truncus arteriosus do not preclude survival to term, this is not likely the cause for heart failure and death at E12.5 (see for example, refs. 21, 34, 41) . To assess cardiac function in the P0 mutants, we used noninvasive fetal ultrasound biomicroscopy-Doppler imaging. This allowed us to evaluate circulatory physiology and hemodynamic function in the same embryos serially at E11.5 and E12.5.
Pathophysiological hallmark is diastolic retrograde (reverse) arterial flow. The hallmark hemodynamic abnormality of the P0-mutant embryos was retrograde, or reverse, arterial flow during diastole, in both the DA (Fig. 4, B and C) and UA (Fig. 4E) . Of the 79 E11.5 living embryos interrogated, 20 (25%) were P0-mutant embryos, representing the expected Mendelian ratio, and 60% of these (12/20) exhibited reversed arterial flow. Only 3 of the 25 E12.5 living embryos (12%) were P0 mutants, all of which exhibited abnormal reversed arterial flow. No control embryos ever exhibited reversed arterial blood flow. None of the viable embryos with reversed arterial flow exhibited blood pooling either at E11.5 or E12.5 (data not shown and Fig.  4H ). In contrast, severe blood pooling (Fig. 4I ) and bloodless yolk sac (Fig. 1B) were observed in dead or dying embryos.
Of the 104 total living embryos imaged (Table 1) , 15 with stable hemodynamics were serially imaged from E11.5 to E12.5 to address the hypothesis that abnormal hemodynamics observed at E11.5 may lead to death by E12.5. Three of these embryos exhibited reversed arterial blood flow at E11.5, with two of these dying by E12.5. An additional eight embryos were also serially imaged at E11.5-12.5, but the data were excluded from the analyses, as the mothers appeared sick at E12.5, possibly from anesthesia. Two of the eight embryos exhibiting reversed flow at E11.5 from the "sick litters" were found dead at E12.5. The advanced necrotic state of these two embryos suggested death likely occurred much earlier and not related to the effects of the anesthetic. Therefore, these studies suggest four of five embryos exhibiting reversed flow at E11.5 were dead by E12.5, indicating reverse arterial flow is likely the underlying cause of death.
Reduced net cardiac output despite normal contractile function in P0 mutants. Heart rate and all indices of contractile function were found to be normal in all viable mutants at both E11.5 and E12.5 (Fig. 4 , J-R; Table 2 ). Notably, OFT regurgitation did not lead to progressive ventricular dilatation or the typical course of initially augmented systolic function followed by progressive systolic deterioration and dilatation, typical for a mature adult heart subjected to volume overload (27) . However, P0-mutant embryos failed to increase their blood flow velocities and velocity-time integral (VTI) in DA and UA (Fig.  4, L and O) . The failure to increase peak blood flow velocities at E12.5 was the one hemodynamic parameter that suggested failing contractile ability, but this may be secondary to the effects of valvular insufficiency and low cardiac output. Moreover, the degree of diastolic reversed flow worsened from E11.5 to E12.5 (Fig. 4, J, K, M, and ) . Indeed, at E12.5, the mean reversed VTI was 2.5 vs. 6.0 mm forward VTI; thus 42% of the stroke volume regurgitated back into the heart. This worsening diastolic reversed blood flow caused a significantly reduced net (forward minus retrograde) VTI in both the DA and UA compared with control embryos and a decreasing net VTI from E11.5 to E12.5 (Fig. 4, L and O) . Importantly, these data were derived from embryos that survived, therefore, corresponding to P0-mutant embryos with more robust circu- lation. There were no significant pericardial effusions in any embryos. Taken together, the data show that P0-mutant embryos not only failed to increase their cardiac output in concert with growth, but rather there is a significant decrease in cardiac output from E11.5 to E12.5.
Arrhythmia in a subset of P0 mutants. Three of twenty (15%) E11.5 P0 mutants exhibited cardiac arrhythmias, whereas none of the control embryos did. One displayed an irregular heart rhythm with pauses, another one with premature beats, and the third with premature beats, as well as a threebeat run of tachycardia at 286 beats/min. Atrioventricular conduction, as determined by the mechanical P-R interval (8) , was intact and normal in mutants (Table 2) .
Extraembryonic vascular beds appear normal in P0 mutants. We also examined placental vascular physiology by interrogating umbilical venous Doppler hemodynamics (36) . P0-mutant embryos were found to have normal umbilical venous hemodynamics (Fig. 4, P-R) . PECAM staining of the placenta also showed normally developed vasculature (Fig.  1F) . Taken together, our data suggest that the placenta itself is normal in the P0 mutants. Although not statistically significant, blood flow in the UA and umbilical vein did not increase as much in P0 mutants as in controls, while the UA net VTI decreased from E11.5 to E12.5. Therefore, we speculate that altered placental blood flow might compromise embryonic oxygenation and nutrition in P0 mutants. Bloodless yolk sacs further suggested that yolk sac blood flow may be decreased in P0 mutants. However, PECAM staining showed normal vascular development in the yolk sac (Fig. 1) . Our Doppler imaging in vivo showed normal vitelline arterial peak blood flow velocities and VTI at E11.5 and E12.5 (Table 2) . Together, these findings suggest normal yolk sac blood flow in P0-mutant embryos.
Hypoplastic OFT Cushions in the P0 Mutants
The finding of retrograde arterial flow indicated that the valve-like function of OFT cushions is compromised in the P0 mutants. Consistent with this, OFT cushion defects were noted in the Wnt1-Cre ϩ /Bmpr1a fx/Ϫ mouse model (48) , as well as other models of BMP ablation or modulation of NCC activity (4, 6, 17, 21, 25, 28) . In fact, in the Wnt1-Cre Bmpr1a-ablated mutants, OFT cushions were poorly developed, although nonobstructive (48) . Our EFIC imaging analysis of E12.5 P0-mutant hearts showed the proximal OFT cushions appear to coapt (Fig. 3, D and H) . To further quantitatively assess development of the OFT cushions in the P0 mutants, we carried out CT of E11.5 embryos (20) .
The CT analyses indicated the OFT cushions were hypoplastic, with wide variation in the thickness of the cushion tissue. To quantitate these changes, we made measurements of the thickness of the superior and inferior OFT cushions at the junction of the right ventricle (conus), middle, and anterior end of the OFT subjacent to the PhA (truncus; Fig. 5, B and D) . These measurements showed significant thinning of the inferior OFT cushion (middle and truncus measurements; Fig. 5D ), but no significant difference was found for the superior cushions at any level (Fig. 5D) . Given the wide variability in thickness of the cushion tissue in the P0 mutants (Fig. 5B) , we also made area measurements of the cushion tissue over these same regions. This analysis showed a significant reduction for all three regions of the OFT cushion in the P0-mutant embryos (Fig. 5E ). Hematoxylin-eosin staining of sagittal sections supported the CT data: the OFT cushions of the mutant embryos at E10.5 and E11.5 were thinner and reduced in size compared with the controls (Fig. 5F ). Thus, although the OFT cushions were formed in the P0 mutants, they were hypoplastic and this could account for the retrograde flow observed by Doppler ultrasound imaging.
Examination of reconstructed three-dimensional CT images also revealed significant shortening of the OFT (Fig. 5 , A and C; n ϭ 4 for each genotype), consistent with the whole mount view (Fig. 2, C and D) . In the mutants, the OFT rotation was reduced to Ͻ45°as it ascended away from the right ventricle (Fig. 5B, middle and bottom; n ϭ 4) , compared with the ϳ90°r otation observed in the control embryos ( Fig. 5B, top; n ϭ 4) . Together these findings show in the P0 mutants, there is marked hypoplasia of the OFT cushions associated with a shortened and malrotated OFT.
Reduced Cell Proliferation in the OFT Cushions
To examine if loss of BMP signaling via P0-Cre-targeted Bmpr1a deletion may affect the growth or survival of OFT cushion mesenchymal cells, we quantitated cell proliferation and apoptosis in the OFT cushions of E11-12 P0-mutant embryos. These studies were carried out using two P0-mutant embryos shown via UBM-Doppler imaging to have reverse blood flow at E12.5 and one additional P0-mutant embryo. Immunostaining for phosphohistone H3 revealed a marked reduction in cell proliferation in the OFT cushions in the P0 mutants (Fig. 6, E-I) . TUNEL assays showed no difference in R: UV pulsatility index ϭ (systolic Ϫ diastolic)/systolic. E and ᮀ, control; F and ■, mutant; E and F, forward flow; ᮀ and ■, reverse flow.*P Ͻ 0.01. apoptosis (Fig. 6J) . Using the ROSA26 lacZ reporter, we also confirmed that cNCC migrated into the OFT cushions in these P0 mutants as in controls (Fig. 6, A-D) . These findings suggest that hypoplasia of the OFT cushions may be caused by a reduction in cell proliferation.
DISCUSSION
Our analysis of mouse embryos with P0-Cre-mediated Bmpr1a deletion in NCC showed persistent truncus arteriosus and hypoplasia of the OFT cushions, phenotypes that are consistent with the well-documented requirement for BMP signaling in OFT septation and cushion development. Previous studies (6, 21, 25, 29, 48) of mouse embryos with targeted disruption of genes encoding BMP ligands or receptors have shown OFT cushion hypoplasia. Severe hypoplasia of the OFT cushions was also found with gene-targeted disruption of Smad4, an activator Smad required for transcriptional activation in response to signaling initiated by TGF-␤ superfamily ligands (17) . Conversely, hyperplastic cardiac valves were found in neonatal or adult mice homozygous for a null allele of Smad6, an inhibitory Smad (9), and hyperplastic cushions also were found in mice with null alleles of Noggin, a BMP antagonist (4). In the latter study, increased migration of neural crest cells was shown to contribute to the cushion hyperplasia.
In our study, hypoplasia of the OFT cushions was associated with a reduction in cell proliferation in the P0-Credeleted Bmpr1a mutants. As P0-Cre specifically targets Bmpr1a deletion in NCC lineage, our results would suggest BMP signaling to NCC is required for supporting the growth of the OFT cushions. In agreement with this, we note that with Nkx2.5-Cre-mediated Bmp4 deletion hypoplastic outflow cushions were observed in conjunction with a severe reduction in cell proliferation in the cushion tissue and that cushion hypoplasia is synergistically worsened by a compound Bmp4/Bmp7 mutation (25) . Hypoplastic OFT cushions were also observed with Bmp4 deletion mediated by an anterior heart field (AHF)-specific Cre transgenic line, Mef2c-AHF-Cre. The OFT cushions in these mutant embryos showed no change in either cell proliferation or cell death (29) . The findings from the Nkx2.5 and Mef2c-AHFCre experiments would suggest the ligand(s) for the responding NCC is likely derived from the OFT myocardium. We note formation of the OFT cushions is also known to be dependent on the endocardium, which undergoes an EMT to generate the cushion mesenchyme. TGF-␤ superfamily members are known to play an important role in regulating endocardial EMT (3, 26, 49) . Studies using endocardial explant cultures showed increased endocardial EMT in the Noggin knockout mouse embryos, suggesting that enhanced EMT also may contribute to the cushion hyperplasia in the Noggin knockout mutants. We note Noggin is expressed in the endocardium and myocardium. However, Mef2c-AHFCre-deleted Bmp4 mutants showed no change in endocardial EMT (29) . Overall, our results together with the previous studies lend further support to the concept that tight control of BMP signaling is important in regulating OFT cushion development. In particular, our results suggest BMP signaling to NCC is essential for normal growth of the OFT cushions.
Our in vivo physiological analyses of cardiovascular function show P0 mutants with Bmpr1a deficiency in NCC develop reverse blood flow in the aorta and peripheral arterial system as early as E11.5, with acute heart failure and death ensuing at E12.5. Cardiac contractile function was surprisingly normal. Also unexpected was the failure to detect progressive ventricular dilatation. It is notable in NFATc1 Ϫ/Ϫ mutant embryos similar OFT regurgitation was observed in the absence of ventricular dilation (38) . PECAM staining and analysis with light and electron microscopy showed no vascular defects in the P0 mutants. These physiological findings together with the observed hypoplasia of the OFT cushions would suggest that the failure of the OFT cushions to provide a valve-like function may underlie the reverse aortic blood flow and subsequent circulatory failure. In this setting, the thinning of the myocardium may be secondary to the hemodynamic perturbation caused by the OFT cushion defect. However, we cannot entirely rule out the thinned myocardium being a primary defect elicited by Bmpr1a conditional deletion in neural crest cells, as suggested by Stottman et al. (48) . If this were to cause decreased cardiac output over a very short window of time, its Data are means Ϯ SD. Data from mutants did not differ significantly from control data. Total embryos imaged: E11.5 control (59), E11.5 mutant (20), E12.5 control (22) , and E12.5 mutant (3). CL, cycle length; DA, dorsal aorta; ET, ejection time; VA, vitelline artery. *Because of inadequate resolution and variable fetal lie/positioning within the maternal abdomen, fewer embryos were imaged for ventricular dimensions, but n Ն 7 except for E12.5 P0 mutants.
contribution to acute circulatory failure by E12.5 may not have been detected by our UBM-Doppler study. Overall, these hemodynamic data constitute the first in vivo physiological demonstration that unidirectional blood flow and embryonic survival may be predicated on OFT cushions functioning as dynamic valves in the E11.5 embryo before remodeling of the OFT cushions to form mature semilunar valves. We note the Wnt1-Cre-deleted Bmpr1a conditional knockout mouse embryos exhibited 100% lethality by E12.5, earlier than our P0 mutants. Hypoplasia of the OFT cushions was also more severe, which may accelerate heart failure and death with earlier onset and more severe reversal of arterial blood flow (48) . Although both models represent "neural crest-specific" conditional knockouts, we speculate that earlier timing of recombination and slight differences in expression patterns likely account for the differences in the severity of the cushion defects observed between the Wnt1-Cre and P0 mutants.
While unidirectional blood flow has been observed at the earliest stages of the functioning heart, and well before proper valve development (15, 36, 50) , evidence for its requirement for survival, while intuitive, has been scant. We note that the importance of valve-like functioning of dynamically apposing endocardial cushions has been recognized for decades (35) . Patten et al. (35) obtained experimental evidence in the chick embryo of valve-like action provided by dynamically apposing endocardial cushions, both in the atrioventricular inflow and in the truncal outflow. In NFATc1 mutants, OFT septation and OFT cushions are normally developed at E12.5; however, the OFT cushions fail to develop into semilunar valves at E13.5, resulting in reverse blood flow at E13.5 and lethality by E14.5-15.5 (5, 38, 42). As Bmpr1a mutants have reverse blood flow at E11.5 and E12.5, BMP signaling in NCC is required earlier for cushion development than the endocardial requirement for NFATc1 in semilunar valve morphogenesis. Our study indicates cNCC-specific BMPRIA-mediated signaling is required to support cell proliferation and growth of the OFT cushions. Overall, our findings indicate that the survival of early midgestation embryos requires the critical valve-like function provided by the OFT cushions before the emergence of mature semilunar valves. Interestingly, the P0-Credeleted Bmpr1a mutants and the NFATc1 knockout embryos (38) both exhibited normal contractile function, and yet neither knockout embryos exhibited ventricular dilatation despite an expected substantial volume overload. While it is possible the short time course of OFT regurgitation did not provide an opportunity for ventricular dilatation, these findings also raise interesting questions regarding possible dif- ferences in the hemodynamic forces at play and/or the biomechanical properties of embryonic myocardium compared with the adult myocardium (27) .
Overall, these findings show the importance of examining fetal circulatory physiology in evaluating cardiovascular phenotypes in the developing embryo. The P0-Cre-deleted Bmpr1a knockout mouse is now the second mouse model shown to have OFT regurgitant blood flow before precipitous death at midgestation. These findings suggest this pathophysiology may be an important mechanism that could contribute to early human intrauterine demise. Of note, the prenatal incidence of congenital cardiac malformations is estimated at 10 times the incidence observed postnatally (12) . How an embryonic heart will respond to pressure overloads is another question entirely. While it has been established that obstruction to flow with presumed pressure overload leads to functional and structural defects (13, 51) , the impact on the myocardium and how it may compare to volume overloads is not known. Our study provides the first definitive evidence that the OFT cushions in the early embryonic heart serve as dynamic valves required for survival of the embryo, even before complete septation of the heart. Further analyses of molecular pathways and tissue interactions in OFT cushion and valve development may help to elucidate the etiology of human congenital heart diseases associated with the disruption of unidirectional blood flow.
